Introduction
Grazing intensity of herbivores can exert a strong influence on vegetation dynamics within terrestrial systems (Holling 1973; Noy-NIeir 1975; WIay 1977) . Herbivores may retard or promote succession depending on the species composition of plant assemblages and patterns of herbivory (Bakker 1985; Pastor et al. Vegetational loss and soil degradation have occurred as a result of herbivory in coastal marshes of the Hudson Bay lowlands, one of the breeding grounds of the lesser snow goose, Chen caerulescens caerulescens L., a keystone species in this system (Hik et al. 1992; Jefferies 1997 ). In recent decades, this mid-continent population has increased in numbers at 7% per year, probably as a result of the high quality, agricultural food subsidy available on the wintering grounds and along migration routes (Abraham et al. 1996; Jefferies et al. 2002 ). In the early 1980s when the goose population at La Perouse Bay, Manitoba (58°44' N, 94°28' W) was an estimated 5000pairs of birds (Cooke et al. 1995) , changes over 5 years in species composition in intertidal exclosures indicated that grazing slowed vegetational change (Bazely & Jefferies 1986 ). By 1997 the population had increased to an estimated 44 500 pairs (Abraham, Ross & Rockwell, unpublished aerial survey) and grubbing by adult birds in spring, together with intense grazing by family groups in summer, had led to the destruction of salt-marsh swards and exposure of sediments (Srivastava & Jefferies 1996) . In 1993 (the latest available information) over 2500 ha of coastal habitats at La Perouse Bay showed a decline in vegetation cover compared with that 20 years earlier (Jano et al. 1998 
). Loss of vegetation cover and increased soil evaporation rates have resulted in hypersaline soils that have limited re-establishment of plants (Iacobelli & Jefferies 1991; Srivastava & Jefferies 1996).
The recovery potential of these degraded systems is largely unknown. Shifts in ecosystem structure caused by herbivores often tend to be asymmetric, such that restoration of the system is seldom as simple as lowering levels of herbivory (Bradshaw 1997) . Vegetation transitions may be coupled with discontinuities in abiotic conditions that cannot be easily reversed (Westoby et al. 1989 We have examined the pattern and rate of natural re-vegetation at La Perouse Bay in intertidal and supratidal marshes where loss of vegetation had occurred, in order to determine whether recovery was possible in plots from which geese were excluded. In addition, changes in early and later successional assemblages of species were documented over 11 years both in the presence and absence of grazing, in order to evaluate longer term changes in species assemblages. Lastly, experimental transplants were made to test whether later successional species (Festuca rubra and Calamagrostis deschampsioides) could establish directly in degraded sediments, or whether the early successional vegetation template was a necessary precursor. The results have been synthesized with our previous knowledge of the system in a proposed state and transition model of vegetation dynamics. DESCRIPTION In 1986,15 contiguous pairs of 50 x 50 cm plots were established inside and outside each exclosure (except FW6-1 and STG-l, which had only two pairs). Species composition in plots was scored in the summers of 1986, 1992 and 1997 by recording the plant rooted closest to each of 81 wire crosspoints in a 50 x 50 cm quadrat strung at 5-cm intervals. If no plant was rooted, the point was recorded as 'bare', or at the estuarine site as 'soft sediment' to differentiate unconsolidated sediment from consolidated sediment without vegetation. A percentage frequency for each species was calculated for each plot: species present in a plot, but not recorded at any of the 81 points, were assigned a percentage frequency of < 1%. In 1992 a severe winter storm damaged exclosure FW6-2 and several permanent plots were lost both inside and outside the exclosure. The exclosure was rebuilt around the undamaged plots; five (inside) and eight (outside) of the remaining plots were re-scored in 1997.
Although it would have been ideal to have greater replication of plots, it also would have been prohibitively expensive to do so considering time spent repairing exclosures each spring following ice, floodwater and tidal damage. In addition, the effects of polar bears, caribou and geese necessitated almost daily maintenance. A suite of statistical techniques was used to analyse long-term vegetation records. Multivariate ordination analysis and rank order correlations enabled us to identify species assemblages and explore their direction and magnitude of change. While both analyses indicated a clear change in species assemblages over time and in response to grazing treatment, interpreting the direction of change was not as straightforward, given the substantial site-to-site variation (cf. Table 3 ). We subsequently performed a series of univariate tests on species (or lack of species) of interest that were recorded in plots. All analyses were limited to species that were recorded at least once at a frequency of > 5% in exclosures over the 11 years.
Detrended correspondence analysis (DCA) (Hill & Gauch 1980) was selected as an appropriate ordination method based on gradient length and preliminary correspondence analyses (Jongman et al. 1995) . Datawere prepared for analyses using ECOSURVEY (Carleton 1985) , and analyses were performed using the program CANOCO (Ter Braak 1990). Values from all years for the grazed treatment at site STG-2 were omitted from the analysis due to death of plants by 1992. Pairwise comparisons of species assemblages between years, and between grazed and ungrazed treatments in each year, were made for each site using Kendall's rank correlation coefficient (T), a non-parametric statistic (Sokal & Rohlf 1995) . A conservative approach was taken with respect to pseudoreplication of plots (Hurlbert 1984) . Although plots were likely to be biologically independent, we recognized that statistically they were not. Accordingly, each 'stand' in the ordination consisted of the mean percentage frequency of species calculated for each treatment, year and site (total: 45 stands). In the rank correlation, a mean percentage frequency was calculated for each treatment (n = 15, except at sites FWG-1 and STG-1 where n = 2).
In univariate tests, all plots were included in the analyses, and their lack of independence was acknowledged in the model: a repeated measures full factorial ANOVA (treatment x site x time). Treatment and site were treated as fixed factors (sites were selected a priori to represent different vegetation types). Time and plot were treated as non-independent and random factors. Analyses were done using S-PLUS (Mathsoft Inc., version 3.3, 1995). Given that species were frequently not present at all eight sites, not all records met the normality and homogeneity of variance assumptions. However, ANOVA iS robust to departures from normality and unequal variances (Underwood 1997). Furthermore, our ANOVA results are supported by the more conservative non-parametric and multivariate analyses described above.
The pairing of our treatment plots at each site was based on the assumption that the plots within a site did not differ from each other in ways unrelated to the grazing treatment. As each combination (site x treatment) Table 4 ). Grazing resulted in significantly higher abundance of unconsolidated sediments (by slowing down the consolidation of sediments through plant colonization) and a larger area of bare, consolidated sediment (by accelerating the degradation of the established marsh) (Tables 3 and 4) . Species that showed significantly higher abundances when grazed were predominantly those associated with the soft sediment estuarine site that were tolerant of moderate disturbance (Table 4) . In contrast, species that showed higher abundances in ungrazed plots included later successional grasses, dicotyledenous plants and willow species (Table 4 ). E phryganodes and C. subspathacea always varied significantly with treatment but the direction depended strongly on site (Table 4) In grazed graminoid-dominated plots in the supratidal and brackish island marshes, foraging led to a loss of species richness over time (1986-97) at all four sites (Table 3 : from six to three species at STG-1, six to zero species at STG-2, six to four species at FWG-1 and eight to four species at FWG-2; T < 0.500 for all contrasts). Several species that disappeared were dicotyledenous plants, including Potentilla egedii (STG-2, FWG-1, FWG-2), Plantago maritima (STG-1, STG-2, FWG-2) and Stellaria humifusa (STG-1, STG-2). At sites STG-l, STG-2 and FWG-2, there was a decrease in vegetation in grazed plots (respectively 35%, 100% and 86% of positions beneath wire intersections). Disappearance of Carex subspathacea and Puccinellia phryganodes at the supratidal site STG-2 and their declines in frequency to less than 15% in the brackish marsh island site FWG-2 indicated that heavy grazing and grubbing caused a shift towards bare sediments at these sites. At the supratidal site STG-1, the frequency of P. phryganodes remained constant from 1986 to 1997, although C. subspathacea disappeared. At site FWG-1, foraging (< intensity than at the supratidal marsh, personal observation) led to a substantial increase in the frequency of C. subspathacea and the appearance of E phryganodes (3% frequency). These species replaced E rubra and C. deschampsioides, which had frequencies of 15% and 11%, respectively, in 1986, but had both disappeared by 1997 (Table 3) .
Changes were also evident in species composition of ungrazed plots of the supratidal and brackish island marshes from 1986 to 1997 (T-values were 0.428-0.679). At supratidal site STG-1, frequencies of E phryganodes and Salicornia borealis decreased by 37% and 46%, while frequencies of C. subspathacea and E rubra increased by 16% and 9%, respectively (Table 3 ). In contrast, at supratidal site STG-2, where goose grubbing of vegetation inside the exclosure in the early l990s resulted in increased salinity (cf. Srivastava & Jefferies 1996), frequencies of P phryganodes and S. borealis increased by 44% and 5%, respectively, while the frequency of C. subspathacea decreased by 48%. At both ungrazed island sites FWG-1 and FWG-2, the presence of Table 4 Overview of the 38 vascular plants and two sediment states recorded from 1986 to 1997 in grazed and ungrazed vegetation plots in coastal marshes of La Perouse Bay. Sigificance levels (***P < 0.0001, **P < 0.001, *P < 0.05) refer to ANOVA results where grazing had an effect on the abundance of species/sediments that occurred at a frequency > 5% in any treatment or year Sediments (> 5% that showed higher abundances in grazed plots than ungrazed plots) ***Bare ground (consolidated sediment) Soft sediment (unconsolidated sediment) Species (> 5% that showed higher abundances in grazed plots than ungrazed plots) t***Carex subspathacea **Eleocharis acicularis *Hippuris tetraphylla t***Puccinellia phryganodes ***Senecio congestus ***Triglochin palustris Species (> 5% that showed higher abundances in ungrazed than grazed plots) ***Carex glareosa t***Carex subspathacea ***Chrysanthemum arcticum * * *Dupontiafisheri ***Festuca rubra ***Plantago maritima ***Potentilla egedii ***Puccinellia nuttalliana t*** Puccinellia phryganodes **Salix brachyvarpa ***Stellaria longEpes ***Triglochin maritima Species (> 5% that showed no sigificant difference (P > 0.05) in response to grazing) In grazed plots at willow-grassland sites (supratidal marsh sites STW-1, STW-2 and island site FWW-1), between 1982 and 1992, decreased frequencies of E rubra and C. deschampsioides were recorded (Table 3) . At sites STW-1 and FWW-1, there was a corresponding increase in the frequency of C. subspathacea (Table 3 ) and at site STW-2 an increase in L. mollis (11%). Frequencies of S. brachyearpa increased at both supratidal marsh sites (2% and 8%, respectively). As well, E phryganodes established at low frequencies in grazed plots at sites STW-1 and FWW-1.
Decreases in the presence of C. deschampsioides occurred in ungrazed willow-grassland plots at sites STW-1, STW-2 and FWW-1 and C. subspathacea at sites STW-1 and FWW-1, but Carex glareosa, L. mollis (8% at site STW-2) and Dupontiafisheri increased in frequency. S. brachyearpa also increased over the 11 years but frequency values were still less than 5%. Some dicotyledenous species, such as Stellaria longipes (STW-2) and Chrysanthemwn arcticum (F7WW-1), showed increases above frequencies of 5%.
The weakest correlation coeflicients ( < 0.300) for comparisons of species present in plots in the presence and absence of grazing from 1986 to 1997, were observed at the soft-sediment estuarine site (SSE-1) (Table 3) . Here, grazing resulted in strong differences in the species assemblage. The decrease overtime in C. subspathacea and the increase in vegetative cover, particularly E. acicularis in grazed plots, was reversed in ungrazed plots (Table 3) . Ranunculus cymbalaria was present at frequencies between 7% and 13% in both grazed and ungrazed plots and S. congestus and D. fisheri (< 5%) were among the invaders.
ANOVA results confirmed what was evident from our a priori selection of sites: species/sediment abundances varied significantly with site (d.f. 7,457; P < 0.0001) in all 23 tests. Interactions (treatment x site, treatment x time, site x time, treatment x site x time) were also significant (P < 0.05) in over 80% of the tests, partially reflecting selection of sites across a gradient of marsh types and successional stages (Tables 1 and 3) . Direction of change (increased or decreased abundance in response to grazing) is closely linked to successional state of the site (as for P phryganodes and C. subspathacea above), while differences in rates of change and species abundance between sites may also be likely due to differences in foraging intensity and edaphic conditions. (Fig. 2) .
Discussion

VEGETATION CHANGE IN THE ABSENCE OF HERBIVORY
In the absence of intense foraging pressure from geese, vegetation dynamics at La Perouse Bay are driven largely by geomorphological change and autogenic succession (Fig. 2) . The complete shift between saltand fresh-water plant assemblages occurs on a time scale of 1 o2-103 years (Scott 1994 Another vegetation shift occurs when sediments are less well drained and surface water is present for at least some months of the year (Fig. 2) Since then, numbers of lesser snow geese have continued to increase, and since 1998 Ross' geese (Chen rossi) and Canada geese (Branta canadensis) together are as abundant or more abundant than snow geese on intertidal flats. The increased foraging pressure has led to reductions in vegetative cover (Table 4 ; Jano et al. 1998), increased soil evaporation, hypersalinity and the death of salt-marsh swards (Srivastava & Jefferies 1995 . In swards that are only in a partial state of degradation, the landscape shows a spatial mosaic of different patch sizes in which alternate vegetation states can be recognized on a spatial scale of 10°-101 m2.
As the preferred forage species of the geese (i.e. P. phryganodes and C. subspathacea; Gadallah & Jefferies 1995) decreased further in abundance, birds sought other forage species. These included E rubra and C. deschampsioides from willow-grassland assemblages, L. mollis that colonizes the beach ridges, Carex aquatilis from the sedge meadows, and H. tetraphylla and Potamagetonfiliformis in estuarine sites. In willowgrassland sites, the grazing of Festuca-Calamagrostis swards has led to 'retrogressive succession' (sensu Bakker 1985) , that is, an enhanced establishment of the early successional Puccinellia and Carex plants that in turn may be lost if foraging pressure increases (Table 3) . This result differs from the observations made when the goose population was appreciably lower, and the shift of Puccinellia-Carex swards to Festuca-Calamagrostis swards was argued to be asymmetric (Hik et al. 1992 creating unconsolidated sediment that is deposited in estuarine channels. In these unconsolidated sediments, a Hippuris-dominated community (e.g. Site SSE-1) can establish and the plant succession process is re-initiated (Fig. 2) .
RECOVERY OF DEGRADED SITES
In intertidal sites, some natural re-vegetation occurred in sediments within 5 years in all eight exclosures (Table 2) (Table 2 ; Jefferies, unpublished data), which is one of the few species that is still well represented in the seedbank (Chang et al. 2001) . Hence, limitations in propagule dispersal may extend the length of the initial recruitment phase, in spite of the presence of a vegetative mat of E phryganodes.
In the supratidal marsh, no re-vegetation by the former graminoids appears possible where the surface layer has been lost and underlying sediments are poorly drained. For example, close to the inland (but saline) exclosuredevoid of vegetation since 1984, establishment of C. subspathacea was poor, even with soil amelioration (Handa & Jefferies 2000) . Waterlogging in spring, the presence of anoxic conditions below the immediate surface, followed by drying out of the soil in summer, and the development of hypersalinity, produce conditions inimical to most plants. Where some organic soil remains, cyanobacterial mats and halophytic annuals, Salicornia borealis and Atriplex patula, may establish (personal observation). However, the plant cover is ephemeral and does not remain. Every season, the algal mats dry out, crack, blister and are blown away, and the necromass of annuals is washed away. Absence of vegetation ultimately leads to erosion and exposure of marine sediments or glacial gravels (Fig. 2) .
Longer term successional change in this system is highly dependent on geomorphological abiotic processes, such as isostatic uplift, frost heave, the presence of permafrost and surface hydrology, that limit the type of plant assemblages that are possible. Establishment may also be dependent on episodic events, such as a succession of fine summers, the absence of winter storms and fast spring run-offs. Increased goose foraging has led to vegetation loss and the development of alternate stable states. Spatial and temporal scales that characterize these degraded sites are approximately 100 m2-62 500 m2 and the sites appear to persist from 10 to at least 50 years. In addition, degraded areas may coalesce into larger units over time (Jano et 
